Emergence patterns were observed in the macrotidal Damariscotta River estuary in Maine in fall 2005 and summer 2006. High temporal and vertical resolution was achieved with two multifrequency echo sounders sampling from 265 kHz to 3 MHz. Time-series waterfall plots and spectral analysis revealed that emergence patterns observed at 265-420 kHz (frequencies that detect animals larger than mesozooplankton) followed combinations of diel and tidal rhythms that differed with both depth in the water column and season. The dominant emergent species at the study site, Neomysis americana, showed nocturnal emergence in summer. Toward the end of its emergence season in fall, however, its dominant rhythm shifted to semidiurnal (12.4-h period). The timing of major emergence in the fall coincided with low slack tides near the surface but with peak flood speed near the bottom, providing plausible mechanisms of retention and selective tidal stream transport within the estuary. Our results confirm earlier suggestions from net sampling that emergence in this species is best conceived as a broadening of the vertical spread of the population distribution rather than a migration of the bulk of the population far off the bottom: Most individuals spent most of their time near the bottom, even during emergence. Prior acoustic work that did not resolve the lowermost water column reported emergent mysids to overwhelm the holoplankton in biovolume, but it, too, seriously underestimated mysid abundance because it failed to resolve this high concentration of animals in the lowermost water column. In the mesozooplankton size category, emergence reached surface waters only during low slack tides and systematically avoided times of the fastest currents. This study highlights the importance of high temporal and spatial sampling resolution in detecting and understanding components of emergence and points away from simple models of diel vertical migration toward state-dependent, individual-based models of habitat utilization.
Many species in both freshwaters and marine waters emerge from sediments into the water column, usually at night (e.g., Juday 1921) . Repeated, diel emergence is a vector connecting benthic and pelagic communities through bidirectional transfer of organic matter and excreted inorganic nutrients. Through the interaction of vertical migration and fluid advection as well as through potential horizontal migration, emergence acquires horizontal components, which both affects and effects encounter with food and predators. Because encounter rate is a function of local abundance as well as relative velocity, resolving that local abundance is important to quantify the magnitude of habitat coupling and species encounter rates.
Cycles regulating animal emergence have received attention from a number of investigators (e.g., Armonies 1988; Walters and Bell 1994; Thistle 2003) . Their findings indicate that the behavior contains seasonal, lunar, tidal, and diel cycles. Tidal and diel cycles have been particular foci, but most of the empirical studies on emergence based on traditional net and newer acoustic sampling explicitly or implicitly focused on only one of these cycles, as a function of the species studied (De Witt 1987; Takahashi and Kawaguchi 1997; Kringel et al. 2003) or of the algorithm used to define emergence Taylor et al. 2005) . Field observations capable of simultaneously resolving both tidal and diel components are extremely limited (e.g., Palmer 1967; Saigusa 2001) as a result of the low spatial and temporal resolution of traditional sampling methods (e.g., Wooldridge and Erasmus 1980; Gagnon and Lacroix 1981; Kimmerer et al. 1998 ), short record lengths, and limitations of commonly used statistical methods (e.g., Saigusa 2001; Abello et al. 2005; Taylor et al. 2005) . For organisms known to show nocturnal emergence, previous studies reported midnight sinking and dawn ascent (Herman 1963; Abello et al. 2005) , which cannot be explained by a simple diel cycle. These phenomena indicate the possibility of higher-frequency components within a diel cycle. Although high spatial and temporal resolutions were achieved acoustically, variation of emergence patterns with depth has largely been neglected in the commonly used data-processing methods that integrate or average acoustic returns over the water column (e.g., Kringel et al. 2003; Taylor et al. 2005) . Taylor et al. (2005) documented that the beginning of the largest emergence events of the night (algorithmically defined by a combination of backscatter intensity and duration) began at particular tidal phases, but the separate analysis of diel ) and tidally cued events did not address the relative magnitudes of 1 To whom correspondence should be addressed. Present address: Kaijo Sonic Corporation, Hakodate Marine Research Center, Omachi 13-1, Hakodate-shi, Hokkaido, Japan 040-0052 (meisato5@gmail.com).
emergence at these two frequencies, so we sought a method capable of quantitative discrimination.
Earlier studies at our site, utilizing combinations of traps and acoustic methods and conducted over several years, have established overwhelming dominance of emergence in the size category .1 mm by Neomysis americana, with emergence typically beginning in late May or June and ending in November Taylor et al. 2005 ). This overwhelming, monospecific dominance extends from the Canadian maritimes to Florida and to greater water depths in the coastal zone to the north (Jumars 2007) . Based on prior studies of N. americana using nets, it was suggested that some individuals stay near the bottom while others migrate to the surface-this rather than a wholesale migration from bottom to near-surface waters (Mauchline 1980) . A striking result of acoustic studies on both the Atlantic and Pacific coasts of North America is overwhelming biovolume dominance of mysids over holoplankton during emergence (Kringel et al. 2003; Taylor et al. 2005) . The geometry of these deployments, however, prevented assay of the lowermost water column, and so they may still have seriously underestimated total mysid abundance.
Emergence is key to understanding predator-prey encounter, whether the emergers are predators or prey. Among mysids, those species that show diel emergence dominate gut contents of both demersal and pelagic fishes, and these migrating mysids are often avid predators of holoplanktonic copepods (Takahashi 2004; Jumars 2007) . In some locations, mysid swarms can reach densities up to ,6 3 10 5 m 23 (Jumars 2007) . Emergence transfers organic matter vertically between the bottom and the water column and horizontally along the whole continental margin (Marcus and Boero 1998) . The organic matter comes from the animals themselves as well as from the nonliving organic matter that they carry. Mysids and some other benthopelagic crustaceans are the only vectors able to achieve transport of benthic matter directly up to the surface above the whole continental shelf and even the slope (Marcus and Boero 1998) . Holopelagic animals can only ensure this upward transfer of benthic matter indirectly by predation of hyperbenthic organisms (Macquart-Moulin and Ribera Maycas 1995). Understanding emergence patterns is an important prerequisite in order to quantify the effects of spatially and temporally varying mysid emergence on benthic-pelagic coupling.
In this study, we simultaneously used two different sonar geometries to interrogate the whole water column, and we used spectral analysis separately at several depths to quantify objectively the frequencies of emergence and their contributions to total variation in backscatter. We did so with acoustic frequencies sensitive, respectively, to mysid sizes and copepod sizes. We found striking differences in migration patterns between these size categories, across depths in the water column, and between summer and fall-and we found that, indeed, prior acoustic estimates of water column-integrated biovolume were substantial underestimates because of the high emerger abundances characteristic of the lowermost water column.
Materials and methods
Study site-Field observations were conducted near the middle of the Damariscotta River estuary (at the Darling Marine Center; 43u569N, 69u359W) in Maine (Fig. 1) . The estuary in midcoast Maine occupies a narrow, glacially carved, drowned river valley along the central Maine coast. It extends 29 km with a width of ,1 km and is partially mixed, having a relatively small freshwater discharge from Damariscotta Lake (1-3 m 3 s 21 ). Its tides are semidiurnal, with a mean range of approximately 3 m. Water properties, therefore, closely resemble those of nearby coastal seawater, and it is perhaps most accurate to think of the estuary as a shallow fjord. The seabed at the study site is unvegetated sandy silt or silty sand (McAlice 1993; Mayer et al. 1996) . The deployment site was 10-15 m deep. At spring tides, maximal current speed exceeds 0.3 m s 21 .
Instruments-In situ acoustic sampling was conducted with two multifrequency echo sounders, known as Tracor Acoustic Profiling Systems (TAPS; BAE SYSTEMS). Acoustic pulses (336 ms) were sequentially transmitted at 265, 420, 700, 1,100, 1,850, and 3,000 kHz within a few milliseconds of each other. Echoes from particles (both biotic and abiotic) in the water column were resolved into 12.5-cm intervals and were averaged over 24 pings min 21 . Because of the conical beam patterns of the transducers, with a beam angle of ,8u, sampling volumes of the bins gradually increased with distance from the transducers. Corrections were made for spreading of the sound beam and for absorption, and system calibrations were applied to convert the information to profiles of volume backscattering strength (S v ) at each frequency. Sound absorption coefficients depend on frequency, temperature, and salinity. Salinity measured at ,0.5 m in depth at the dock of the Darling Marine Center and in situ temperature measured at the bottom of the estuary (,10 m in depth) were used for calculating the sound absorption coefficient and sound speed. Current velocities were measured by a 600-kHz Acoustic Doppler Current Profiler (ADCP; RD Instruments). During the observation period in 2005, a vertical bin size of 0.5 m was used, and 50 individual pings were averaged every minute. In 2006, a software upgrade allowed a vertical bin size of 0.1 m, and 20 individual pings were averaged every minute. All data were logged in Eastern daylight savings time, stored, summarized, and analyzed with MATLAB 7.1 (Mathworks). We also deployed optical instruments to estimate phytoplankton biomass and particulate scatter. All instruments were cleaned weekly by scuba divers to control fouling. Because neither signal showed consistently high coherence with acoustic backscatter, we do not present the optical data here. They are summarized in Sato (2006) .
Deployments-In
October through November of 2005, two TAPS were mounted at the bottom of the estuary as upward-looking echo sounders. Each was placed approximately 1 meter above bottom (mab) in a metal frame, with ,50 m separation along shore. Acoustic ringing of both the metal frame and metal case of TAPS contaminated data from bins close to the TAPS transducers. The ADCP was deployed at the bottom near both TAPS. Field sampling by emergence trap was used to identify dominant migrants and to provide measurements of body lengths. The emergence trap is pyramidal, enclosing 1 m 2 of seabed and standing 1 m high, with the faces of the pyramid covered in 1-mm Nitex netting (following Kringel et al. 2003) . The emergence trap was deployed for ,24 h beginning in the morning on 03, 04, 05, 06, 10, 11, and 12 October and 09, 11, and 14 November 2005. We also made night plankton tows in the vicinity of the TAPS between 22:00 and 23:00 h on 08 November 2005. We used a single, nonclosing zooplankton net with 0.5-m-diameter circular mouth and a 500-mm mesh in a total of four replicate surface tows. The net was towed for 6 min at ,4 km h 21 .
In July through August of 2006, two TAPS were deployed in separate frames constructed from schedule 30 polyvinyl chloride pipes in an attempt to cover the whole water column. An upward-looking TAPS was deployed in a bottom-mounted frame, and a downward-looking TAPS was deployed in a 5-m-tall frame, giving depth overlap at all six frequencies between the two units in the region near 2 mab (Fig. 2) . The transducer face of the upward-looking unit was placed ,1 mab and that of the downward-looking unit was placed at ,4 mab. Spatial separation between the two TAPS along shore was 35 m. The ADCP was deployed near the TAPS. The emergence trap was deployed for ,24 h beginning in the morning on 20, 24, 25, 26, 27, and 31 July and 1 August 2006.
All net and trap samples were fixed in 10% formalin buffered with sodium tetraborate within a few hours of retrieval and were transferred to 70% ethanol within 3 d. Animals were sorted into taxa and counted. Total lengths of N. americana (base of eye stalks to tip of telson) were measured.
Data processing-In 2005, periods without ADCP data (maximum of 1.2 d) as a result of hardware failures were linearly interpolated to form a continuous data set. Because of differences in sampling frequencies and in order to match the sampling intervals among instruments for further analysis, all data were linearly interpolated into the lowest sampling frequency of 1 datum (65 s In 2005, data collected by the two TAPS from bins at the same distance from the bottom showed similar variance but had 2-10 dB offsets at all frequencies except 1,850 kHz. In 2006, two TAPS data sets having more than 2 dB offset from each other were adjusted to match the median of the upward-looking TAPS. The offsets between two TAPS data sets were calculated by taking 29-point running medians of data collected in the overlap zone during the 2-week observation period. The upward-looking unit measured higher S v at 265 kHz by 8 dB and at 700 kHz by 7 dB and lower S v at 1,100 and 1,850 kHz by 2 dB each. Therefore, the absolute values of S v could not be validated.
We used seven-point running medians to remove spikes apparent in the raw data and to recognize emergence patterns more clearly in echograms and time-series waterfall plots. For spectral analysis, means and lowfrequency trends were removed from linearly interpolated data by subtracting 2,659-point running means in the 2005 data and 2,881-point running means in the 2006 data; both data lengths correspond to ,2 d. Removal of the means from data allows us to analyze emergence patterns unaf- fected by the offsets between two TAPS. S v collected at 7 and 3 mab were chosen for further analysis in 2005 in order to avoid high backscatter from surface waves and contamination from ringing of the TAPS case and metal frame. In 2006, S v collected at 7, 3, and 0.25 mab were chosen for detailed analysis.
Spectral analysis-Data collected from 16 October to 22 November 2005 and from 21 July to 01 August 2006 were used for spectral analysis between TAPS and ADCP data. Fast Fourier transforms (FFT) were used to estimate power spectra (after subtraction of the 2-d running mean). In the figures, we always present the range 0-5 cycles d 21 (cpd). As our interest is in periods of diel light regimes (24 h) and tidal constituents (12.4 and 6.2 h), we did not consider the part of the spectrum above 5 cpd. The spectrum was smoothed by block averaging in order to improve statistical reliability. Block averaging of five segments was used in data collected in 2005. About 37 d of data (49,150 time points) were divided into subsets of 16,384 (52 14 ) points with 50% overlap. If data length was insufficient, the subset was padded with zeros to make a data segment 16,384 points long. Block averaging of three segments was used for the data collected in 2006. About 11 d of data (16,324 time points) were divided into subsets of 8,192 (52 13 ) data with 50% overlap. The last subset was padded with 63 zeros to fill the data segment. This procedure produced 10 degrees of freedom in 2005 and 6 degrees of freedom in 2006 in the estimates.
The timing of emergence events associated with tidal rhythms was determined by cross-spectral analysis between TAPS data and tidal current speeds. We experimented with the alongshore components of both current velocity and speed as variables from the ADCP data for cross-spectral analysis. They showed remarkably little difference in spectra at frequencies of ,2 cpd. In order to allow examination of all the frequencies of interest in crossspectral analysis, we thus settled on the tidal current speed as the ADCP-measured variable. Squared coherence at 2 cpd between TAPS data at various depths and tidal current speeds at 7 mab was not significant, implying that organisms were not responding to currents far off the bottom. Therefore, the resolved bin nearest to the bottom was used for tidal current speeds in cross-spectral analysis: 3 mab for 2005 and 1.7 mab for 2006. The strength of the correlation is given by the coherence spectrum, c 2 (f), ranging between 0 and 1, which measures the correlation between the variations in two signals at the frequency f. The phase spectrum, w(f), indicates the phase difference (lead or lag) between the signals at each frequency. All phase spectra have been scaled to the region from 2180u to +180u. A negative value of w(f) implies that the variations in tidal current speed lead the variations in the TAPS data set at this frequency; for a positive phase, the reverse holds. If coherence is low for a certain frequency (i.e., not statistically significant), the phase at this frequency cannot be estimated reliably. The 95% confidence level corresponds with squared coherence of 0.53 in 2005 and of 0.78 in 2006 (Emery and Thomson 2001) .
Results
Currents at the study site are dominated by M 2 tides with a period of 12.4 h (Fig. 3a) . Mean tidal range varies from 3 to 5 m. Residual circulation (tides removed) takes the form of a classical, estuarine, two-layer exchange flow with a mean pattern of upstream bottom flow and downstream surface flow. The level of no motion, the height at which this mean exchange flow equals zero, varied with tidal phases, but was located at ,5 mab across the average of spring-neap cycles. Tidal current speeds showed two major spectral peaks at ,2 and 4 cpd, with higher spectral density at 4 cpd (Fig. 3c) . Flood tides were stronger than ebb tides near bottom (Fig. 3b) as a result of the deepening and widening of the estuary seaward (McAlice 1993) , the typical pattern in estuaries (Postma 1967) . Therefore, the spectral peak of current speeds at 2 cpd corresponds to the pattern of peak flood speed. The design of the emergence trap allows us to catch only those animals emerging directly from the bottom. We often observed some N. americana deposited on the outside of the netting of the emergence trap, indicating horizontal transport by tides. Despite this failure in identifying emergent organisms from trap samples, plankton net samples showed that N. americana was dominant, constituting .90% of individuals (ind.) sampled and with average body length of 7.2 mm. Emphasis in this paper, therefore, is given to results pertaining to the numerically dominant N. americana.
Diel, tidal, and lunar cycles observed in acoustic backscatter depended on both TAPS frequency and season. Those cycles were examined through echograms, timeseries waterfall plots, and power spectra. A diel rhythm (24-h period) was clearly observed in summer records at 265 kHz (Fig. 4) and 420 kHz (Fig. 5) . A tidal rhythm with 12.4-h (M 2 ) period was observed in the fall records at 265 kHz (Fig. 6) , clearly indicated by two major diagonal trends across the observation period at 3 mab (Fig. 6c) . A 6.2-h period, half of an M 2 tidal constituent, was observed at 1,100 kHz ( Fig. 7b) and was indicated by four diagonal lines across the observation period at 3 mab (Fig. 8b) . A 6.2-h periodicity indicates response to current speed rather than velocity. A lunar rhythm of about 29.5 d was also indicated by weak S v around 25 October and 24 November 2005 during neap tides (Fig. 8b) . Although the major periodicity can be recognized in the time-series waterfall plots, spectral analysis clearly shows that the behaviors of organisms are regulated simultaneously by multiple rhythms. For example, the behavior detected at 7 mab at 265 kHz in fall had three periodic components of 0.97, 1.95, and 3.89 cpd, corresponding to periods of 24.74, 12.31, and 6.17 h, respectively (Fig. 6d) .
In summer, when nocturnal emergence events were strong, higher S v was observed near the bottom than near the surface (Figs. 4, 5) . In fall, when the emergence events became weaker, patterns at both 7 and 3 mab were dominated by a tidal rhythm of ,2 cpd (12.4-h period) (Fig. 6) , and high coherence was observed between the near-bottom tidal speeds (3 mab) and S v (7 and 3 mab) at 265 kHz. In the dominant frequency of 2 cpd, peak S v at 7 mab led peak flood speed by 2.6 h (w 5 75u), and peak S v at 3 mab led peak flood speed by 0.9 h (w 5 26u).
Frequencies of 1,100, 1,850, and 3,000 kHz were chosen in the design of the TAPS to detect scattering from the mesozooplankton size category based on the scattering function predicted by a fluid sphere model. They were further chosen to avoid harmonic relations and sums or differences at any primary frequencies (Holliday and Pieper 1980) . Organisms detectable at 1,100 kHz, for example, emerged from the bottom in summer (Fig. 7a) . Although the echogram in fall (Fig. 7b) was not so clear as to allow us to conclude whether the pattern was due to emergence (because of the lack of near-bottom data sets), power spectra and phasing relative to current speeds were very similar to those of the summer data sets. In fall, the 2-cpd component dominated the pattern near the surface (Fig. 8a,c) , whereas the 4-cpd component became more important toward the bottom (Fig. 8b,d) . Cross-spectral analysis revealed that peak S v at 2 cpd led peak flood speed by 3.2-3.7 h (w 5 94-109u), whereas peak S v at 4 cpd lagged peak current speed by ,1.6 h (w 5 292u to 296u), depending on depth. Although the timing of emergence relative to the two different tidal components was similar near the surface and the bottom, quantitative contributions of each cycle varied with depth. The highest TAPS frequency of 3 MHz at 3 mab in fall showed a similar pattern to the 1,100-kHz signal, and the phasing of S v with tidal components was clearly different from that of (inanimate) particulate backscattering coefficients, which showed the typical estuarine pattern of peak backscatter at peak near-bottom velocities on flood tides (Sato 2006) .
Discussion
Given that mean body length of the dominant mysids was ,7 mm, they should be detectable at 265-420 kHz in TAPS (e.g., Gal et al. 1999) . Emergence-trap samples confirmed expectations that mysids dominated the size classes causing backscatter at these frequencies. Dominance of N. americana in our study area is supported by previous emergence-trap samples collected from May through October in 2001 and from June through November in 2002 Taylor et al. 2005) , as well as by regional trends in the northwest Atlantic (Jumars 2007) . Species identification was conducted mostly by emergence traps because they provide baseline taxonomic and size information. Other possible acoustic targets are predators of mysids, such as crangonids (Herman 1963) , longhorn sculpions, windowpane, yellowtail flounder, and Atlantic cod (Hacunda 1981) , identified in the Damariscotta River estuary and the adjacent bay. Fish larvae are most abundant (0.15-1 ind. m 23 ) during late winter to early spring (Chenoweth 1973; Townsend 1983) , and they are expected to be present at a density of ,0.01 ind. m 23 during our observation period in July through November. Therefore, it is unlikely that fish appear constantly in the relatively small sampling volume of TAPS in our study period; it is more likely that they produced some of the spikes that we removed in data processing. Moreover, the FFT methods are sensitive only to repeating, cyclic signals.
Strong emergence was observed during summer, when mysids showed a diel pattern at 265-420 kHz throughout the water column. During this period, onset of emergence corresponded to onset of darkness. Stronger S v values near the bottom during emergence are consonant with Mauchline's (1980, p. 74 ) characterization of emergence in N. americana ''as a spreading of the vertical range of the species.'' The pattern indicates two possibilities that cannot be discriminated without resolving individual mysids: Most animals may stay near the bottom all night; alternatively, the same bulk pattern could result if each individual spent a short time near the surface but most of its time near the bottom. Toward the end of the emergence season, the diel cycle weakened, and the dominant cycle shifted to a 12.4-h tidal periodicity, but phasing differed across depths. Mysids emerging close to low slack tides moved rapidly into the water column, including the region near the surface. Close to flood tides, mysids also emerged but did not rise very high off the bottom. Around 25 October 2005, clear diel cycles were observed at 7 mab (Fig. 6b,d ) that can be considered as a residual of the dominant diel cycle in summer. The shift of major rhythms from diel to tidal cycles must have occurred between the two sampling periods.
N. americana is an omnivore that has food sources available even during daylight in our shallow-water setting, in the form of organic-matter-covered sediments, detritus, benthic diatoms, and meiofauna (Mauchline 1980) . Fitness increase from feeding on high-quality foods, however, seems likely to be the ultimate driver of nocturnal emergence. Because the quality of organic-matter-covered sediments or detritus is relatively low for the energyintensive activities of egg production, migration in pursuit of richer food sources in the water column could provide metabolic advantage, particularly when benthic diatoms became scarce during mid-summer . Feeding in the water column on high-quality foods during the night is supported by stomach-content analysis of Mysis mixta, which showed greater intake of zooplankton during the night and of detritus during the day (Rudstam et al. 1989 ). Since mysids are major food sources for juveniles of bottom-dwelling fishes, they remain quiescent on or in bottom sediments during the day. Response to predator presence or other sporadic but potentially significant events, such as the high S v observed on 20-21 July 2006, near the bottom, even during the day (Fig. 5a,d ), can only weaken cycles and therefore cannot be detected through spectral analysis. Stress caused by low oxygen concentrations near the bottom during the night is not a likely reason for nocturnal emergence in our study site. Microelectrode observations conducted for 4 d in mid-July 2002 in our study site showed no evidence of stressfully low oxygen concentrations at the seabed during day or night (K. Vopel and D. Thistle unpubl.).
Tidally phased vertical migrations have been reported for many different types of animals, including fish larvae, copepods, and mysids in the field, but the sampling resolutions of most previous studies were too low to resolve precise phasing relative to tidal currents (e.g., Wooldridge and Erasmus 1980; Palmer and Brandt 1981; Kimmerer et al. 1998) . At the end of the emergence season, when phytoplankton became scarce in the water column, the emergence pattern at 7 mab coincident with low slack tides closely matched the time of peak chlorophyll a (Chl a) concentration in the water column (Sato 2006) . There is a generally increasing concentration of Chl a upriver from our study site (Thompson 2006) , bringing the highest concentrations to our location at low slack tides. By going to surface waters primarily at low slack tides, animals can restrict the risk of being flushed out of the estuary while still gaining access to high Chl a concentrations; during subsequent flood tides, they would be carried upstream by tidal currents. Near the bottom, our observations indicate that N. americana actively used flood tides for horizontal transport. Similar utilization of flood tides and avoidance of ebb tides near the bottom has been observed in Rhopalophthalamus terranatalis in South African estuaries (Wooldridge and Erasmus 1980) and in N. americana in Narragansett Bay, Rhode Island (Herman 1963) . Although TAPS cannot resolve individual behaviors, the timing of emergence resolved in this study indicates that some animals avoid rising high off the bottom in the fastest current speeds, indicating that there might be a threshold speed to which animals react. Rice (1961 Rice ( , 1964 found that the effects of gravity dominated those of light in orientation, and an increase in hydrostatic pressure caused mysids to move upwards in the water column, but this effect cannot explain the upward movement at low slack tides observed in this study. Movements of epibenthic organisms associated with the tidal cycle could be cued by tidal variations in salinity, temperature, dissolved organics, turbidity, or other water-quality parameters.
In fall 2005, the smaller animals detectable at 1,100-3,000 kHz, which were likely dominated by copepods based on historical plankton net sampling (Lee 1978; Lee and McAlice 1979) and our own occasional tows and drift traps (P. A. Jumars unpubl.), were mostly regulated by tidal components of 12.4-h and 6.2-h periods. Higher S v at 7 mab corresponded closely to the low slack tides, indicating that the smaller organisms emerged and filled the water column then. Close to the bottom, these small animals avoided the fastest current speeds when they emerged. Emergence periodicity of 6.2 h has been reported in copepods only by Gagnon and Lacroix (1981) . Since smaller organisms can be expected to migrate shorter distances from the bottom (Alldredge and King 1985) , water column-integrated sampling by plankton nets or traps may have too little vertical resolution to resolve the 6.2-h periodicity. Our early concern was that the 3-MHz signal might reflect resuspended sediments. Peak resuspension, however, occurs as expected at peak flood velocity, whereas the 3-MHz signal is phased to minima in current speed (Sato 2006) . Multiple species likely contribute to the acoustic backscatter at the 3-MHz signal, based on the reports of differential utilization of tidal currents and various timing of emergence among species (Wooldridge and Erasmus 1980; Saigusa 2001) and among different sizes of organisms (Hays et al. 2001 ). Sampling and identification of smaller organisms could help to separate signals caused by different species and to isolate factors driving the emergence behaviors of each species. With six frequencies in acoustic observations, estimates of biovolume of different size categories could be obtained by a distortedwave, Born approximation model for an elongate organism (McGehee et al. 1998 ) and a truncated sphere model for copepods. This inversion, however, was not possible in the present study because of unexpected and unexplained calibration offsets between the two TAPS. Part of this difficulty was caused by a lightning strike that damaged one of the TAPS instruments and forced our reliance on temporal pattern rather than absolute magnitude to draw our conclusions.
Our study shows that mysid emergence behavior is regulated by combinations of diel, tidal, and lunar rhythms that shift seasonally. The shift from nocturnal to tidally oriented mysid emergence toward the end of the emergence season may be explained by several factors: availability of food sources, ontogenic changes in mysid behavior, and termination of local anadromous fish migrations. High spatial and temporal resolution is critical to an understanding of mechanisms and components of emergence. For example, the widely known phenomenon of midnight sinking has been reported in emergent mysid species (reviewed by Jumars 2007): Organisms tend to be less abundant near the surface during midnight than just after sunset or before dawn. The 2-week data record during the strong mysid emergence period in 2006 revealed that apparent midnight sinking in this setting was due, however, to the combination of 24-h and 12.4-h rhythms overlapping each other at night (e.g., 28-29 July 2006, shown in Fig. 5b,c) . This overlap also explains the dawn ascent noted by Herman (1963) in the same species of mysid. Although tidal modulation is unlikely to explain all prior observations of midnight sinking, including the massive sampling effort conducted by Macquart-Moulin and Ribera Maycas (1995) far from shore in a region of weak tides, our study clearly shows the need for high sampling resolution and long data records in environments with multiple driving frequencies.
We had expected to observe emergence in the copepod size category leading (in time at dusk) emergence in the mysid size category, following predictions based on avoidance of visual predators (De Robertis et al. 2000; Abello et al. 2005 ). Instead we found the mesozooplankton size classes of emergers to show stronger tidal than diel cycles both in summer and fall. The tidal phasing of copepod-sized emergence to depths near the water surface is consistent with an explanation that they emerge when threats of expatriation from their benthic habitat are reduced. Staying nearly in phase in surface waters with emergent organisms in the copepod size category for predation may be another driver of the tidal rhythm in mysid emergence. Our study leaves many questions open, however. N. americana is the overwhelmingly dominant coastal species as well as the dominant euryhaline estuarine species in the northwest Atlantic (Jumars 2007) . Both N. americana and emergers in the mesozooplankton size category show tidal phasing in the macrotidal Damariscotta River estuary. We do not yet know with high resolution the phasing of coastal populations, although low-resolution net sampling reveals a clear signal of nocturnal emergence by N. americana in coastal waters over much of the year (Grabe 1996) . Achieving this high resolution is an important step toward understanding benthic-pelagic coupling in the coastal zone and is a natural target for high-power, high-bandwidth, benthic observatories. Predators and prey encountered by N. americana will be largely determined by the phasing and vertical extent of their emergence. Its size positions N. americana as a potentially key predator of mesozooplankton in the nearshore coastal zone, as a key prey for juvenile fishes, and as a potential beneficiary with other crustaceans of the ''cod collapse'' (Jumars 2007) .
Lastly, the multiple rhythms uncovered here beg for a predictive approach that can be tested. In the mesozooplankton size category the obvious next step is to resolve the identities of the migrators simultaneously with acoustic records to see whether the complex patterns are com-pounded from simple cycles of individual species. Although we cannot absolutely rule out multiple species accounting for complex patterns in cycles and phases of migrations in mysid size classes at either season, we are certain, on the basis of its numerical dominance, that N. americana changed its migration behavior between summer and fall. We know it arrives in the study area by late April and remains wholly within a meter or two of the bottom before emergence to surface waters begins in late May or June. We also have reason to believe, from records of paired onshore-offshore TAPS (P. A. Jumars unpubl.) , that there may be an onshore-offshore component in the migration. Mysids are capable of directional navigation through detection of light polarization, most reliably near dawn and dusk, and some species home near dawn to reefs or caves (Jumars 2007) . Few predictive methods have had success with this degree of behavioral complexity-save one. Individual-or agent-based models that account for nutritional state and predation risk have successfully predicted complex and seasonally varying schooling patterns and fish migrations between habitats (Grimm and Railsback 2005) . They appear to hold the best promise of analogous prediction regarding habitat usage by coastal mysids.
